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FOREWORD 


Under  date  of  2it  December  1966,  the  Chief  of  thgineers  informed 
the  Director,  Waterways  Experiment  Station  (WES),  that  it  was  desired  j 

that  representatives  of  the  WES  prepare  a paper  on  any  appropriate 
ocean  engineering  subject  to  be  offered  for  inclusion  on  the  program  for 
the  Conference  on  "Civil  Engineering  in  the  Oceans,  II"  to  be  held  in 
Miami  Beach,  Florida,  10-12  December  196?,  tinder  the  sponsorship  of  the 
Council  on  Ocean  Engineering  of  the  American  Society  of  Civil  Engineers. 

In  accordance  with  this  request,  an  abstract  was  prepared  and  forwarded 

to  the  program  chairman  for  his  consideration.  Under  date  of  7 May  1969, 

advice  was  received  that  the  paper  on  "Behavior  of  Concrete  Exposed  to 

the  Sea"  had  been  accepted.  The  paper  was  presented  as  the  second  paper 

in  the  Materials  Session  of  the  Conference,  on  12  December  196).  Copies 

have  been  furnished  to  the  ASCE  Technical  Publications  Department  for 

inclusion  in  the  proceedings  of  the  conference.  Copies  were  also  furnished 

for  review  and  approval  to  the  Office,  Chief  of  fligineers,  and  the  paper  ; 

was  cleared  for  presentation  and  publication. 

The  paper  is  a summarization  of  relevant  aspects  of  the  state  of  \ 

knowledge  in  relevant  areas. 

COL  Levi  A.  Brown  was  Director  of  the  WES  during  the  preparation 
of  this  paper  and  Mr.  F.  R.  Brown  was  Technical  Director. 
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INTRODUCTION 


Hydraulic-  -coaic-nt.  coni  re  to  has  been  cup!  oynd  in  tin  constvm.:t:ion  of 
works  expoead  to  the  son  since  the  Roman  l-lupirc.  The  first  r«!info»--.*-d 
concrete  structure  made  using  port! and  cement  is  still  in  servic.  In 
spite  of  this  long  history  of  successful  use,  there  arc  r.tilil  inytaoc 
of  concrete  that  undorgocr?  severe  del eri oration  end  destruction  when 
exposed  to  the  see.  that  would  have  served  satisfactorily  in  nonmavine 
onvironiiiont. 


Rosoerch  on  the  factors  effecting  durability  of  concrete  in  inn  in-; 
cj.posurxs  lint  been  conducted  at  many  labors  torier,  and  h.^>yi.cld'jd  a 1.  ndy 
of  dat^thafe  is  satisfactory  to  panrd  t.  practical,  measures  to  rai ulmize 
the  likelihood  of  damage  in  most  instances'^ Further  work  is  needed  to 
fully  elucidate  the  interacting  roles  of  various  constituents  of  ran  mt 
with  the  clilori.de  end  sul fete  ions  of  see.  water.  Additional  research  is 
also  needed  to  .fully  rpprr-<Ha<S*tho  several  incchc  nisms  that  may  a'-.n.l  or- 
ate the  corrosion  of  ferrous  metal  embedded  in  concrete  exposed  to  the 
sea.  The  use  of  portland  cements  containing  less  than  0 percent  tri- 
ce.! ci  run  alumina to  as  calculated  from  the  chemical  analysis  will  normally 
prevent  deleterious  sulfate  attack.  Jlowever . there  are  cisti.net  indica- 
tions that  cements  with  calculated  tried cium^alirminate  contents  r.pproch- 
jug  zero  are  in  some  respects  less  desi rablt-Ahan  those  in  the  inter- 
mediate range  between  zero  end  8 percent.  -Sit  is  indicated  that  the  bene- 
fits of  having  some  tricalcium  aluminrrto  present  are  related  to  the 
tendency  of  this  component  to  combine  also  with  chlorides  end  thus  reduce 
the  rate  at  which  chloride  ions  may  become  available  at  the  interface 
with  reinforcing  steel  to  promote  corrosion.  Further  research  is  cloo 
needed  to  interrelate  the  physical  parameters  of  pore  structure,  is  these 
control  permeability  and  s tren gthjfwi thTthe  chemical  parameters.. that.  «s.  7 

control  the  nature,  amount,  end  rate  of  formation  of  products  of  in-  * 
creased  volume  that  generate  internal  expansion. 
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^Prepared  for  presentation  at  the  Conference  on  "C.i.vj.1  Engineering  in 
the  Oceans,  II,"  Miami  Beach,  Florida,  10-12  December  196?,  under  the 
sponsorship  of  the  Council  on  Ocean  Engineering  of  the  American 
Society  of  Civil  Engineer's. 


In  Bocih  Erosion  Board  Veche Se  *1.  Me  uranium  lie.  96,  publirhod  1" 

1957  > a disr.ussiou  was  presented  of  the  •' Factors  Affectii  r,  D'r.i.bil  i l.y 
of  Concrete  in  Shore  Structures"  (Mother,  1957).  In  1969  the  Pro- 
ceedings of  the  RILfcil  International  Symposium  on  DircMIity  of  Concrete 
were  published  (RII.EM,  196?)  covering  "Basic  Questions,  Principles 
and  Methods  of  Testing  and  Determination  of  Concrete  Durability  under 
the  Action  of  Frost,  Sulfates,  and  Acids j end  Corrosion  of  Reinforcement 
and  Its  Prevention."  Prior  to  1957 , between  3 95?  av"l  1969,  and  in  the 
future,  these  matters  have  been  and  will  bo  under  further  study  through- 
out the  world.  When  concrete  does  not  behave  satisfactorily  as  a re- 
sult of  exposure  to  the  sea  the  cause  is,  as  is  the  case  in  all.  instrnc.es 
of  unsatisfactory  performance,  that  the  appropriate  levels  of  quality 
were  not  obtained.  The  failure  to  obtain  these  levels  of  quality  results 
cither  from  failure  to  require  them  in  specifications  or  failure  in  the 
execution  of  the  work  to  comply  v;ith  the  specified  requirements.  Hence, 
the  obtaining  of  satisfactory  pcrforino-nce  depends  upon:  (a)  an  assess- 

ment of  the  pcrfori.nnce  requirements,  (b)  an  evaluation  of  the  environ- 
mental influences,  (c)  an  understanding  of  the  results  of  research  on 
the  interrelation  of  environmental  influences,  quality  levels,  and 
achieved  performance,  (d)  selection  and  specification  of  relevant  quality 
levels,  and  (e)  insuring  compliance  with  specified  requirements. 


DETBRIORATIO*. -PRODUCING  PIIBNOMBNA 

Many  phenomena,  that  contribute  to  the  deterioration  of  concrete  do 
so  by  mechanisms  that  induce  internal  expansion.  That  which  expands  may 
be  a constituent  of  the  cement,  a constituent  of  the  aggregate,  or  the 
contents  of  a pore  or  void  in  the  concrete.  These  phenomena  include: 
frost  action,  alkali-aggpegate  reaction,  sulfate  attack,  and  a variety 
of  chemical,  reactions  not  involving  alkalies  or  sulfates.  Similarly, 
deterioration  may  be  induced  by  nonuniform  contraction.  Phenomena  induc- 
ing such  contractioii  include  drying  and  carbonation.  Deterioration  of 
concrete  may  occur  due  to  solution  and  removal  by  leaching  of  the  soluble 
constituents  of  the  cement  paste  in  the  conci’ete.  Deterioration  of  con- 
crete may  also  occur  as  a secondary  consequence  of  structural  overloading 
that  results  from  the  interaction  of  external  mechanical  forces,  such  as 
those  induced  by  foundation  movements,  seismic  forces,  and  explosions. 
When  concrete  is  found  to  have  deteriorated  following  the  occurrence  of 
such  abnormal  loadings  of  the  structure  in  which  the  concrete  was  used, 
it  is  assumed  that  the  deterioration  is  a secondary  consequence  of  the 
structural  failure  that  preceded  or  accompanied  the  deterioration.  Such 
deterioration  can  be  avoided  only  by  structural  design  to  resist  the 
imposed  loads.  Cracking  which  occurs  due  to  uncontrolled  termperature 
variations  in  a structure  does  not  of  itself  cause  deterioration  in  the 
sense  of  this  discussion,  but  it  does  increase  the  vulnerability  to 
deterioration  due  to  frost  action  or  sulfate  attack. 


PERTINENT  FACTORS  IN  A SEAWATER  EXPOSURE 


Concrete  exposed  to  seawater  will  be  subjected  to  wetting  by  an 
aqueous  solution  containing  principally  dissolved  sodium  chloride  and 
magnesium  sulfite.  The  oceans  contain,  on  the  average,  about  35  parts 
per  thousand  (3.5  percent)  dissolved  salts.  The  major  cations,  Ca++ 
Mg++,  Na+,  and  KH , exist  in  seawater  largely  as  uncompicxed  species. 


The  major  anions  include  Cl",  \:hich  is  also  not,  strongly  completed,  and 
COy , 11003“ » ?nc*  yOj,“»  which  arc.  Expressed  as  milligrams  per  liter  of 
seawater,  the  principal  elements  present  in  solution  arc;  chlorine, 

19,000;  sodium,  10,600;  magnesium,  1,300;  sulfur,  900;  calcium,  hOO-  and 
potassium,  380.  All  other  elements  arc  probably  present,  but  no  others 
make  up  more  than  6b'  rog/l.  The  six  elements  mentioned  make  up  99  percent 
of  the  dissolved  salts  in  seawater.  Although  the  concentration  of  dis- 
solved solids  has  boon  found  to  vary  from  place  to  place,  the  ratio  of 
any  one  of  the  major  constituents  to  the  total  dissolved  solids  is  nearly 
constant  everywhere  (ACS,  3396b) . 

Thus,  the  factors  inherent  in  seawater  exposure  that  should  be  con- 
sidered for  their  effects  on  concrete  arc  freezing  and  thawing,  wotting 
and  drying,  and  chemical  reaction  of  chlorides,  sulfates,  alkalies  (sodium 
and  potassium),  and,  in  come  instances,  dissolved  carbon  dioxide. 

The  elements  of  concrete  that  may  be  affected  by  wetting  or  by 
chemical  reaction  with  chlorides,  sulfates,  or  alkalies  include  the  ce- 
ment, the  aggregates,  and  reinforcing  steel  or  other  metal,  if  present. 


EFFECTS  OF  CONTINUOUS  IMMEKSTPN  OF  CONCRETE  IN  SEAWATER 

Concrete  that  is  totally  and  continuously  immersed  in  water,  even  if 
the  water  contains  dissolved  salts  such  as  are  found  in  seawater,  general- 
ly may  be  regarded  as  being  in  a protected  exposure . Continuous  immersion 
usually  provides  a uniformity  of  environment  with  respect  to  temperature 
and  moisture  content  that  prevents  the  immersed  concrete  from  being  sub- 
jected to  such  deteriorating  influences  as  frost  action,  volume  change  due 
to  wetting  and  drying,  and  differential  volume  change  due  to  moisture 
content  differences  between  the  surface  and  the  interior.  Continuous 
immersion  also  tends  to  reduce  the  potential  for  chemical  reaction  by  re- 
moving changes  in  the  degree  of  saturation  as  a mechanism  for  the  flow 
into  and  out  of  the  concrete  of  solutions  containing  ions  capable  of  at- 
tacking constituents  of  the  concrete,  end  leaving  only  concentration  gra- 
dients as  the  means  of  ingress  of  such  ions.  Locher  and  Pisters  (1961;) 
note  that,  under  equal  conditions  of  exposure,  the  aggressiveness  of 
water  increases  with  increasing  concentration  of  the  relevant  substances, 
but  that  aggressiveness  is  also  increased  by  higher  temperatures,  higher 
pressures,  wetting  and  drying,  or  mechanical  abrasion  by  fast-flowing  or 
turbulent  waters . 


EFFECTS  OF  J NTL'HMITTMT  IMMERSION  OF  CONCRETE  IN  SEAWATER 

Most  concrete  structures  exposed  to  seawater  are  partially  or  wholly 
situated  so  that  they  are  sometimes  irrmersed  in  seawater  and  sometimes 
exposed  to  the  air.  If  the  structure  is  located  where  the  temperatures 
fall  below  freezing,  the  concrete  exposed  to  the  air  with  falling  tide  is 
probably  subjected  to  as  severe  frost  action  as  is  any  concrete  in  natural 
exposure.  The  realization  that  concrete  exposed  in  the  tidal  zone  in  a re- 
gion of  low  winter  temperatures  would  bo  subjected  to  very  severe  frost  ac- 
tion resulted  in  the  selection  of  the  moan-tide  elevation  at  Treat  Island, 
Cobscook  Bay,  Me.,  a3  the  location  for  the  U.  S.  Army  Corps  of  Engineers 
severe  natural  weathering  station.  This  location  has  boon  used  since  1936 
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by  the  Corps  of  Enpi  neev.s  to  do  .'clop  informs  lion  rapidly  on  the  relative 
resistance  of  concretes  to  frost  action  (Kennedy  and  Mather,  195*3)  • 

The  second  important  effect  on  concrete  related  to  welting  and 
drying  is  the  volume  change  relations  duo  to  changes  in,  or  changes  in 
uniformity  of,  moisture  content.  These  phenomena  are  often  referred  to  as 
drying  shrinkage  effects. 

In  localities  such  as  Treat  Island,  the  mean  temperature  of  the 
seawater  j s low  and  chemical  reactions  take  place  relatively  slowly. 
Concretes  relatively  deficient  in  resistance  to  frost  action  seldom  sur- 
vive long  enough  to  manifest  any  readily  observable  effects  of  chemical 
attack;  hence,  it  can  be  argued  tint  there  is  s.  general  tendency  for  the 
severity  of  chemical  attack  to  be  reduced  when  that  of  physical  attack 
increases,  and  vice  versa. 


CHKirCAt  ATTACK  OF  SEAWATER  ON  COHCWCTK 

The  potentially  aggressive  constituents  of  seawater  with  respect  to 
concrete  are  the  sulfate,  chloride,  carbonate,  bicarbonate,  alkali  metal, 
and  magnesium  ions.  Since  -j.n  seawater  the  sulfate  component,  is  magne- 
sium sulfate  rather  than  sodium  or  calcium  sulfate,  as  is  more  often  the 
case  in  sulfate-attack  situations  not  involving  seawater,  the  various 
chemical  reactions  of  magnesium  sulfate  with  several  of  the  constituents 
of  hydrated  portiand  cement  tire  somewhat  different.  F.  M.  Lea  (195*6) 
pointed  out  that.,  initially,  magnesium  sulfate  has  a similar  action  to 
that  of  other  sulfates  in  attacking  calcium  aluminate  hydrate,  but  that 
later  it  can  induce  a significantly  dif ferent  and  more  far-reaching 
effect  because  of  its  ability--as  distinguished  from  other  sulfates — 
to  attack  and  decompose  the  calcium  silicate  hydrate.  This  reaction  pro- 
ceeds to  completion  because  of  the  low  solubility  of  magnesium  hydroxide. 

The  carbonate  and  bicarbonate  ions  may  participate  in  the  reaction  of 
carbonation  of  calcium  ion  or  calcium  hydroxide  formed  during  hydration 
of  cement.  In  a discussion  of  deterioration  of  concrete  in  the  shipways 
at  Newport  News,  Va. , Mrs.  Tersaphi  (I9ij8)  concluded  that  two  processes 
were  at  work , one  involving  sulfate  attack  that  caused  internal  expansion 
and  cracking,  and  the  other  involving  carbon  dioxide  dissolved  in  the 
water  as  carbonic  acid  that  caused  local  softening  and  disintegration. 

The  water  samples  taken  from  relief  wells  in  these  shipways  were  regarded 
as  containing  from  30  to  60  percent  seawater,  based  on  chloride  content, 
and  had  free  CO2  contents  of  7 to  99  mg/l;  the  highest  COo  content  was 
found  in  the  sample  of  lowest  seawater  content  which  had  57  mg/l  aggres- 
sive CO2  and  a pH  of  6.9. 

Internal  contraction  due  to  carbonation  has  been  found  to  occur  at 
the  maximum  rate  and  to  the  greatest  extent  when  the  concrete  is  subjected 
to  an  environment  in  which  the  relative  humidity  is  close  to  $0  percent. 
Carbonation,  like  drying,  is  a phenomenon  that  proceeds  from  the  surface 
inward  and  consequently  the  degree  to  which  a given  concrste  element  is 
affected  over  a given  period  of  time  decreases  markedly  with  decrease  of 
surface :mass  nlio.  Carlson  (.1937)  has  shown  that  an  occasional  wetting 
of  a concrete  surface  will  prevent  drying  to  a considerable  depth  because 


dry  connote  trill,  rbr.orb  as  iv.k-.o  voir,  turn  5i>  one  day  n;>  w«A  concrete 
loses  iii  t'.ro  weeks  of  drying.  It  is  therefore  concluded  that  drying 
shrinkage  and  carbn- -t-ion  shrini-.-ge  avo  unlike  ly  to  be  m.gor  sources  of 
deterioration  of  co.- terete  in  the  occn.  Apparent  conf-jt-iiation  of  this 
conclusion  in  sugga'.ted  by  the  virtual  absence  of  reports  of  such  deterio- 
ration in  the  uve.i  l able  literature.  It  is  suggested  that  concrete  dete- 
rioration in  seaua!  r due  to  these  causes  is  largely  precluded  by  the 
typical  nature  of  the  en/irorment,  the  typically  low  surface  muss  ratio 
of  the  structural  elements  involved,  end  the  avoidance  of  materials,  pro- 
portions, end  const' notion  practices  that  would  bo  conducive  to  develop- 
ment of  this  sort  of  deterioration,  r;  tKise  eve  avoided  for  other  reasons. 


Alkalies 


The  alkali  metal  ions  may  p-rticipato  in  any  of  several  reactions 
with  reactive  silic.-  or  reactive  carbonate  constituents  of  the  aggregates. 
Stanton  (1937)  listed  among  structures  adversely  affected  by  alkali -silica 
reaction,  sections  of  sec;,  ells  in  Ventura  and  Santa  Barbara  Counties  in 
California . As  far  as  is  known,  there  have  va  yet.  been  no  documented 
coses  of  alkali- carbonate  reaction  which  have  enweed  deterioration  of  con- 
crete structures  exposed  to  seawater.  Kennedy  cud  Mother  (195>3)  found 
that  in  concrete  containing  a crushed  limestone  aggregate  that  had  been 
exposed  to  seawater  at  Treat  Island,  there  was  evidence  of  the  formation 
of  reaction  rir.is  on  certain  limes  tone  coarse- aggregate  particles.  The 
particular  limestone  studied  contained  about  it  percent  of  a roontmorill o- 
nitic  clay  which  undergoes  greater  swelling  when  retted  with  a solution 
containing  sodium  ion  than  when  sodium  ion  is  not  present.  They  showed 
that  this  material,  processed  as  manufactured  fine  aggregate,  exhibited 
two  to  threu  times  as  much  increase  in  volume  when  immersed  in  seawater 
as  when  immersed  in  fresh  water  or  in  a saturated  solution  of  calcium  hy 
droxide.  Buck  and  Mather  (1969)  described  on  instance,  believed  to  be  the 
first  of  record,  of  deterioration  of  concrete  due  to  alkali-silica  reaction 
in  which  the  reactive  aggregate  was  quart?,.  Since  the  affected  structure 
was  a dry  dock  at  Charleston,  S.  C.,  it  wes  first  assumed  that  the  un- 
usualness of  the  reaction  might  have  been  due  to  the  involvement  of  sea- 
water. However,  the  reaction  product  was  principally  a potassium  sili- 
cate rather  than  a sodium  silicate  which  indicates  that  alkalies  from  the 
seawater  were  not  significantly  involved.  It  was  concluded  that  the  un- 
usualness was  related  to  the  physical  rather  than  the  chemical  aspects 
of  the  environment. 

Expansion  of  concrete  caused  by  the  swelling  of  the  alka.li-si.lica 
gel  formed  in  concrete  by  the  reaction  of  alkali  and  soluble  silica  can 
normally  be  prevented  in  any  of  three  ways.  It  can  be  prevented  by  the 
avoidance  of  the  use  of  aggregate  materials  containing  soluble  silica; 
or  it  can  be  prevented  by  the  restriction  on  the  composition  of  the  port- 
land  cement  with  respect  to  alkali  content  so  that  the  total  amount  of 
sodium  oxide  and  potassium  oxide,  calculated  as  sodium  oxide,  does  not 
exceed  0.60  percent;  or  finally,  it  can  be  prevented  by  the  use  in  the 
concrete  of  adequate  amounts  of  finely  divided  active  silica  introduced 
in  the  form  of  poszolan.  So  far  as  is  known,  there  has  baen  no  deterio- 
ration of  concrete  due  to  alkali-silica  reaction  in  concrete  in  which 
any  of  the  three  preventive  measures  have  been  employed.  Informal  re- 
ports are  rath  er  frequently  encountered  that  purport  to  r af  er  to  such 
deterioration  In  concrete  made  with  low-alkali  cement.  In  all  of  these 
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c:  "Co  that  h'.v'-:  b 1 1 a.ck  qul.-  iy  c’c..,ij  i -.d,  it  lj :■ ::  o -n  fcv.id  that  the 
cc.ciit  that  v:  irt-  rided  U ] ■ I all.-li  w.s  in  i .v?.t  not  lot*  rli'.'l'., 

or  that  s f.-.-i  abnoiv;  •!  ci  dtt.icn  of  o:.;>o:.vro  arose  in  v:ir<  eh  the:  ; 1 ' J 

from  ft  technically  3 ovr-c  1 ’ -i1  1 cc.icnt  wa.:  presumably  so  concentrated 
during  ox;*  uuvs  as  to  rn*’  . • the  chemical  environ .on t of  the  ftf  ;jro[*  • he 
similar  to  l.h:;t  which  irov.it!  hove  boon  produced  in  p more  normal  environ- 
ment  had  a high- ill  ’li  cr- :nnt  been  used.  From  those  considerations  it 
therefore  follows  th.  t if  for  re:.e  »is  of  economy,  workability,  and  re- 
duction in  licet  evolution  there  re  ■ benefits  to  ho  obtained  by  tho  uno 
of  substantial  quantities  of  chemically  active  pox sol  ?ns  whereby  rela- 
tively large  quant  5 fie:'  of  finely  divided  soluble  sili  ca  arc  incorpo- 
rated in  the  concrete,  this  practice  will  be  beneficial  in  preventing 
deterioration  due  to  the  alkali-silica  reaction. 


Chi orides 

The  chloride  ion  may  participate  cither  in.  chemical  reactions  simi- 
lar to  those  involving  the  sulfite  ion— so  as  to  yield  sveh  products  as 
chloral  umi nates  that  arc  analogous  to  selfoaLumiuntes — or  in  reactions 
involving  the  corrosion  of  reinforcing  or  other  embedded  metal.  In  this 
latter  connection,  Halstead  end  Vooduorth  (195*5)  ’reported  that  rein- 
forced cone i etc  str  uctures  exposed  under  coastal  conditions  (within  10  trd 
of  the  soacomt)  in  South  Africa  have,  in  some  cases,  shown  deterioration 
believed  caused  by  electrochemical  corrosion  of  the  steel.  In  the  dis- 
cussion of  their  paper,  it  was  noted  that  the  South  African  Railway 
Administration  has  adopted  the  policy  of  using  reinforced  concrete  struc- 
tures in  preference  to  steel  because  of  difficulties  in  maintaining  steel 
structures.  This  agency  also  has  attempted  to  design  structures  for  a 
minimum  of  reinforcing  steel.  The  perform race  of  such  structures  has 
generally  bean  good,  and  such  deterioration  as  has  occurred  is  believed 
related  to  insufficient  concrete  cover  over  reinforcing  steel  that  per- 
mitted corrosion  to  occur. 

The  role  of  chlorides  in  sea-vatcr  in  chemical  interaction  with  con- 
crete is  twofold.  Chlorides  act  independently  to  do  those  things  that 
chlorides  are  capable  of  doing,  and  they  also  tend  to  retard  or  inhibit 
the  action  of  sulfates . The  presence  of  chlorides,  as  in  seawater,  re- 
tards or  inhibits  the  expansion  of  concrete  by  sulfate  solutions,  but 
not  tho  degree  of  reaction.  Lea  (1956)  cited  the  work  of  Butt a,  who 
attribiited  this  effect  to  the  greater  solubility  of  gypsum  and  calcium 
aluminum  sulfate  in  chloride  solutions,  and  it  is  the  reason  why  failure 
arising  from  chemical  attack  by  sca.uc.tcr  is  not  preceded  by  swelling  to 
the  same  degree  as  in  solutions  of  sodium  or  magnesium  sulfate. 

Griffin  find  Henry  (1961i)  studied,  separately,  the  effects  of  sodium 
chloride  and  scavrater  salts  in  concrete.  Their  purpose  was  to  determine 
the  effect  of  sea-sal t spray  on  concrete  and  the  permissible  amounts  of 
salt  in  concrete  when  it  is  mixed.  They  found  that  the  optimum  salinity 
of  mixing  water  for  maximum  compressive  strength  was  from  18  to  36  g/kg 
when  sodium  chloride  was  used  and  up  to  88  g/kg  when  sea  salt  was  used. 
They  also  found  that,  when  sodium  chloride  was  used,  the  rate  of  moisture 
migration  through  concrete  from  a region  of  higher  to  on?  of  lower  rela- 
tive humidity  decreased  with  increasing  salinity  of  mixing  water  to  a 
salinity  of  about  ?0  g/kg  and  then  remained  relatively  constant  with 
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improved,  the  rate  of  moist, ure  r.ovv  at  w r;  I'oduecfl  and  ecu  rox-iori  of 
wild  st,<el  in  the  3 ow-strength  concrete  v/r.-d  in  thoir  investige  t.5  ort  was 
ne{'l. i (jiblc . V/i.th  radium  chloricb,  tha  maximum  corrosion,  of  mild  s'ucJ. 
appeared  to  take  place  at  a salinity  of  about  70  g/kg . It  should  }>'-<■- 
hops  b 3 emphasized  that  Griffin  an*!  Heavy  uero  studying  tho  "permi  ruible 
amounts  of  salt"  that,  could  be  tolerated;  it  in  not,  I believe,  their 
intent  to  rugger t that  one  would  deliberately  add  salt  to  reinforced 
con- rote  if  it  could  readily  be  avoided. 


FROf.T  /.OTTO;! 


• Tn  regions  above  concrete  in  service  is  subjected  to  the  action  of 
freezing  and.  thawing,  probably  the  principal  factor  that  has  produced  de- 
terioration io  front  action.  Front  action  produces  deterioration  even 
pores  in  the  concrete,  largo  enough  to  contain  freezable  water,  become 
critically  filled  and  the  water  freezes  faster  than  it  can  be  expelled 
from  the  pore.  Pores  that  can  contain  freezable  water  are  present  in 
many  aggregate  particles.  The  originally  viator-filled  spaces  in  cement 
paste  are  also  pores  that  can  contain  freezable  water.  If  deterioration 
due  to  freezing  of  freezable  viator  in  pores  in  aggregate  particles  is  to 
be  avoided,  precautions  must  be  taken  cither  to  avoid  use  of  aggregate 
having  such  pore  spaces  or  to  avoid  the  development  of  critical  satura- 
tion in  the  pore  spaces.  Deterioration  of  concrete  due  to  freezing  of 
freezable  water  in  the  cement  paste  can  be  avoided  by  providing  the 
paste  with  an  appropriate  air-void  system  and  by  protecting  the  concrete 
from  freezing  until  hydration  of  the  cementitious  materials  has  reduced 
the  volume  of  freezable  water  in  the  paste  to  the  amount,  than  can  freeze 
without  damage. 


The  use  of  aggregate  selection  criteria  such  as  those  regularly  em- 
ployed by  the  major  agencies  in  the  United  States,  the  mandatory  use  of 
air-entraining  admixtures  or  air-entraining  cements  meeting  the  applica- 
ble requirements  of  current  nationally  established  specifications  for 
such  products,  end  the  control  of  concrete  batching,  mixing,  and  placing 
so  as  to  ensure  a proper  air-void  system  in  the  hardened  concrete  will 
successfully  prevent  deterioration  of  concrete  resulting  from  the  uptake 
of  moisture,  the  achievement  of  critical  saturation  in  the  susceptible 
pore  space,  and  the  subsequent  internal  expansion  when  the  viator  freezes. 
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LE/CHIilG 

Concrete  can  deteriorate  by  having  its  soluble  constituents  dis- 
solved and  removed  by  solvents  that  percolate  through  it.  The  degree 
to  which  solu  -ion  and  removal  will  occur  depends  on  the  rate  at  which 
the  solvents  move  through  the  concrete,  the  solubility  o?  the  soluble 
constituents,  and  the  solvent  power  of  the  solvent.  One.!  the  solvent 
has  dissolved  all  of  the  soluble  material  it  can  hold  in  solution,  its 
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further  wo,'  ..fit  th rough  tho  concrete  u j J I.  dissolve  and  remove  no 
addi  tio»>  _•  I r.'.-L'jrif  1 . If  the  solvent  5;;  .saturated  or  newly  saturated 
b:  fort;  it  enters  1 1 - • concrete,  it  will,  dissolve  no  material  or  a very 
r>.i::ll  amount  of  material  .as  it  traverses  tho  concrete.  The  most  ef- 
fective means  of  piviunting  deterioration  by  leaching  is  to  ensure  that 
the  concrete  has  e low  permeabi  1 ity.  Power* , Copeland,  and  limn  (17S»7) 
showed  that  capillary  continuity  of  cement  pastes  can  bo  prevented  and 
pjrmeabilily  consequently  reduced  groat] y by  use  of  low  water-commit 
ratios  end  proper  curing,  Their  data  shoe'  that  no 3 st- cured  cement  pastes 
lose  capillary  continuity  after  curing  periods  somewhat  as  follows: 

V.'/G  TIME  REQUIRED 

O.li  3 days 

0.$  111  days 

0.6  6 months 

0.7  1 year 


Er,;  :ples  op  pervoip-tm'-qe  pi^imriForuET)  cpircpnrr;  in 
HART'j  ' Y. H K !•:  > > '03  Ui ; NS 


V/entworth-Shialds  (1736)  described  the  first  maritime  reinforced  con- 
crete structure  in  Great  Britain,  constructed  at  Southampton  in  1097,  and 
noted  that  very  fee  failures  have  occurred.  The  1097  structure  was  a 
jetty  consisting  of  a 100-  by  IjO-ft  deck  on  piles.  In  1902,  Town  Quay,  a 
reinforced  concrete  structure  360  by  20  by  3U  ft  high,  was  built  at  South- 
hampton. A few  years  later  longitudinal  cracks  appeared  above  the  mean- 
tide  level  along  lines  of  reinforcement,  due  to  rusting  of  steel.  Repairs 
were  mode  with  pneumatically  applied  mortar.  The  rusting  of  the  steel 
has  been  ascribed  to  the  permeability  of  the  concrete,  but  in  the  case 
of  Tovar  Quay  electrolytic  action  was,  if  not  the  sole  cause,  a very  im- 
portant contributory  cause.  The  1899  structure,  which  is  still  in  ex- 
cellent condition,  was  made  with  dry,  low  water-cement  ratio  concrete; 
the  1902  one  was  made  with  a "rather  wet"  mixture. 


Not  only  is  the  first  maritime  reinforced  concrete  structure  built 
in  Great  Britain  still  in  excellent  condition,  but  most  concrete  struc- 
tures in  seawater  exposures  are  in  good  condition  when  good  practice  was 
used  and  care  was  taken  in  their  design  and  construction.  For  example, 
the  concrete  ship  "Atlantus,"  the  first  constructed  by  the  United  States 
Government,  was  launched  in  1910.  It  was  brought  to  Cape  May,  N.  J.,  to 
serve  as  a terminal  for  a ferry  line  and  in  192?  became  stranded  on  a - 

sandbar.  It  was  inspected  at  various  times  between  1918  and  1930.  A 
report  on  its  trial  run  in  1919  from  Brunswick,  Ga„,  to  Charleston,  S.  C.,  | 

states  that  the  concrete  was  "in  a practically  perfect  state  of  preser-  J 

vation  with  no  important  rust  stains  visible,  although  there  could  be  1 

traced  in  certain  places  on  the  hull  the  faint  markings  of  hairline  - 

cracks  which  paralleled  the  system  of  reinforcing  closest  to  the  outer 
surface."  Walter,  in  1927,  published  a photograph  of  a specimen  of  con- 
crete taken  fiom  the  ship,  in  19?8  showing  the  imprint  of  a square  bar 
13/16  in.  and  a round  bar  $/l6  in.  from  tho  outer  exposed  surface  of  the 
concrete,  and  stated  that  the  steel  was  not  corroded.  After  an  examina- 
tion of  the  ship  in  1920,  it  was  reported  that  a very  pronounced  rust  , 

stain  had  developed  in  the  bulkhead  enclosing  tho  afterqu enters,  and  in  ; 

8 


mm  n'tftefiilfcMTHriiii 


cno  spot  the  bars  p'rr.l,]  e’l  to  the  thick  wore  clearly  outlined  for  a apace 
o.r  7 or  3 ft  each  way.  A clone  5 oyphetion  of  llito  area  showed  t!iat  there 
v;erj  almost  no  concrete  coverage.  In  a owe  placed  the  intended  depth  of 
coverage  won  1/)|  in.  j;  in  .some  caeca  the  actual  coverage  vans  Ions  than 
l/l6  in.  A disc  of  concrete  3 in.  in  diameter  and  0.7  in.  thick  \»as  cut 
f row  :•  fragment  collected  in  1928,  tested  in  the  laboratory,  end  found  to 
have  very  low  water  permeability  (McMiUan,  1928). 

Similar  inspection  reports  have  been  recorded  on  other  concrete  ship 
built  during  World  War  I.  The  "Selma,"  now  stranded  near  Galveston, 
Texas,  was  inspected  and  reported  on  by. Rogers  at  the  1933  Kcgional  Meet- 
ing of  the  American  Concrete  Institute.  The  "Selma"  was  a tanker  built 
in  Mobile  in  1918  and  sunk  at  Galveston  in  about  1923.  Samples  of  the 
concrete  tested  in  1933 1 shoved  a compressive  strength  of  about  10,000  pci 
No  corrosion  of  steel  Was  observed,  even  though  less  then  1 in.  of  cover 
was  provided.  Another  of  these  vessels,  the  "Palo  Alto,"  is  exposed  on 
the  Pacific  coast  at  Seacliff  Beach  State  Park,  6 mi  south  of  Santa  Cruz, 
Calif.,  where  it  is  used  as  a fishing  pi  or.  It  was  built  as  a tanker 
during  World  War  I end  is  1*33  ft  long.  It  remained  anchored  in  the 
Oakland  Estuary,  where  it  was  built,  until  1930  when  the  Cal- Nevada  Stock 
Company  purchased  it  and  had  it  towed  to  Soacli.fi'  on  Monterey  Bay,  about 
100  mi  to  the  south.  The  sea.  cocks  wore  opened  and  it  now  rests  on  c> 
sandstone  shelf.  It  war.  later  acquired  by  California  when  the  state  park 
was  created.  The  chip  has  broken  its  back,  but  a.  gangway  across  the 
fracture  permits  both  parts  to  be  used.  It  is  probably  the  most  accessi- 
ble of  the  remaining  *’orld  War  I concrete  chips. 

At  the  10th  Congress  of  the  Permanent  International  Association  of 
Navigation  Congresses,  it  was  " agreed  that  the  deterioration  of  concrete 
in  warm  seawater  is  mainly  due  to  chemical  action,  namely,  the  change  in 
composition  of  the  cement  caused  by  the  chlorides  and.  sulphates  present 
in  the  water.  Little  can  be  done  to  protect,  poor  concrete,  the  remedy 
being  to  select  a suitable  type  of  cement  and  good  sound  aggregates  in 
the  first  place,  and  to  take  steps  to  ensure  that  the  finished  product  j 
is  as  dense  and  impermeable  as  possible.  In  colder  water,  chemical 
action  is  less  severe  and  the  main  damage  is  done  by  temperature  changes. 
There  are  other  causes  of  deterioration,  such  as  abrasion  and  acids 
deposited  by  lithofagous  organisms"  (Warren,  1936). 


* . 4 

~ CONCLUDING  STATEMENT 

From  the  foregoing  discussion,  it  might  bo  assumed  that  it  is  the 
intent  of  this  paper  to  suggest  that  information  is  now  available  which 
will  permit  tho  preparation  of  specifications  which,  if  followed,  viU 
preclude  the  occurrence  of  detor.iorati.on  of  concrete  exposed  to  the  sea* 
NlThis  is  a proper  conclusion  with  only  relatively  minor  qualifications, 
Of  cost  were  not  an  important  objective  in  preparing  specifications  for 
concrotc,  it  would  certainly.  be  possible  t.o  specify  concrete  materials, 
mixtures,  end  construction  practices  which ,-if ■Wwwl , would  provJCo 
virtually  complete  assurance  that  deterioration  of  the  q< Hereto  over  any 
desired  nervine  life,  at  least  for  up  to  100  years,  eoult  be  avoided, 

In  some  canon,  houovor,  such  a specification  would  reqnho  tho  imports 
tion  of  largo  quantities  of  materials  from  fimt  dintauwa  and  would 
require  a degree  of  tenting,  inspection,  and  control  that  in  not  now 


REFF-iMhOE:;? 


ACS  (American  Chen.'*  cal  Society),  196' i . Chemistry  .•  ■\d  the  Occam;. 
Sp.  Kept.  , Chou,  and  Keg.  News,  Vol.  I|?>  Wo.  22,  pp,  lA.-ltCA,  . 
June  1. 


Buck,  t.lcji  D.,  and  li  d hex’,  Katharine, 
Dock  Ho.  2,  ChotO.es ten  Navel  Ship 
Station,  Miscellaneous  Paper  No. 


1969.  Concivl :•  Core;:  from  Dry, 
•yard,  S.  C.  Waterways  Krporlir.oht 
C--69-6,  Vicksburg,  Kiss. 


C orison.  It.  V.'.,  193?.  Drying  Shrinkage  of  Largo  Concrete  Menibcrs.  Proc . 
America)  Concrete  Institute,  Vol.  33,  pp.  327-336. 

Griffin/  Don:  Id  F.,  end  flcnry,  Robert  I..,  196U.  The  Effect  of  Salt  in 
Concrete  on  CoKptvr.sivr,.  Strength,  Water  Vapor  TrunomiBoion,  end 
Corrosion  of  -Reinforcing  Steel.  U.  S.  Naval  Civil  Kng.iijecrj.rit'  Lab., 
Pert  Huancme,  Calif.,  Tech,  nej.t.  R 306. 

Halstead,  S.,  and  Woodworth,  I..  A.,  1955*  The  Deterioration  of 
Fioinforced  Concrete  Structures  Under  Coastal  Conditions.  Trans , 
South  African  Inst,  of  Civil  Dug.,  Vol.  $,  April  1955*  Disc.,  Oct. 


Kennedy,  Thomas  H.,  and  Mather,  Katherine,  1953.  Correlation  Between 
Laboratory  Freezing  and  Thawing  end  Weathering  at  Treat  Island,  Koine. 
Tree.  ACI,  Vol.  50,  pp.  l)a-172. 


Lea,  F.  M. , 1956.  The  Chemistry  of  Cement  and  Concrete.  New  York, 

St.  Martin's  Press,  637  pp. 

Locher,  F.  W. , and  Pi  stern , II.,  196l|.  Beurtoi  lung  baton  an  gi'cd  fend  r.r 
VJasser.  Zemcnt-Kolk-Gips,  No.  It,  pp.  129-136,  April. 

Mather,  Bryant,  1957.  Factors  affecting  durability  of  Concrete  in 
Coastal  Structures.  Beach  Erosion  Board,  Office  of  the  Chief  of 
Engineers,  Technical  Memorandum  No.  96,  Washington,  I).  C. 

27  pp.  with  three  appendices. 

McMillan,  F.  R. , 1920.  Concrete  for  the  Architect.  Illinois  Soc.  of 
• Arch.  Eull.,  pp.  It. 

Powers , T.  C.,  Copeland,  I..  E.,  and  Mann,  H.  M.,  1959.  Capillary 
Continuity  or  Discontinuity  in  Cement  Pastes.  Jour,  of  Res,  and 
Dev.  Labs.,  Port.  Cent.  Assn.,  Vol.  1,  No.  2,  pp.  33-1)0. 

RILEM  (International  Union  of  Testing  and  Research  I.;  borakox'ics  for 
Materials  and  Structures),  1969.  Preliminary  Report,  International 
Syinpoaium~Dm’oMlity  of  Concreto  -•  1969.  IYnguc,  C a cohos] ovahia, 

2 Vol. 


Terzaghl,  Rutl  ]). , -I9J48 . • Concrete  Deterioration  in  0.  Sh:  pvoy.  Proc . 
ACI,  Vol.  Itli,  pp.  977-1005:. 


11 


Valter,  It.  l.\,  192">.  Thirty  lows'  Field  Kyjvn-j cnee  with  Concrete. 
Proc.  /.Cl,  Vol.  25. 

Warren,  L,  It,,  1956.  Some  Notes  on  the  1953  Congress  of  thn  Permanent 
International  Association  of  Navigation  Congresso:?.  Trans . South 
African  Inst,  of  Civil  Eng.,  Vol.  6,  pp.  289-305. 

Wentworth- Shi  elds,  F.  F..,  1956.  Early  Marine  Structures.  Concrete  and 
Constr.  Eng.,  Vol.  I>1,  No.  1,  pp.  ?5“29. 


